Time transmission interval (TTI) or outer block interleaving is an important task for the implementation of UMTS turbo coding in flat Rayleigh fading environment. An efficient TTI choice can save computational complexity. However, different multimedia scenarios are investigated using the maximum UMTS frame length, and simulation results are presented for the four possible outer block interleaver configurations in the case of flat Rayleigh fading channel. It is shown that different operating environments require an appropriate TTI in terms of bit error rate (BER) performance for the following data rates: 28.8 kbps, 64 kbps, 144 kbps, 384 kbps, and 2 Mbps.
INTRODUCTION
Turbo coding [1] offers energy efficiencies close to the limits predicted by information theory with features that include parallel code concatenation, recursive convolutional encoding, interleaving, and an iterative decoding algorithm; while in fading environments, outer block interleaving should also be used. Soft-input/soft-output (SISO) decoder is the significant part of a turbo decoder: the concept of iterative decoding relies on the use of SISO decoders which calculate the a posteriori probabilities based on the received channel sequences and a priori information. One of the main candidate algorithms to be used in a SISO decoder is log maximum a posteriori (log-MAP) algorithm. A detailed description of log-MAP is presented in [2] [3] [4] [5] [6] [7] , while turbo code basics and performance can be found in [7] .
The European 3G standard is called Universal Mobile Telecommunications System (UMTS) and provides data rates up to 2 Mbps giving the opportunity to mobile operators to offer multimedia applications to their customers, according to Table 1 . Turbo codes have been adopted as a channel coding scheme in UMTS for data rates higher than or equal to 28.8 kbps [8, 9] .
The rest of the paper is organised as follows: Section 2 presents a short literature review on the area together with a brief description of UMTS data stream. Subsequently, Section 3 gives a description of the simulation environment used. The optimum outer block interleaver length is selected through simulation results and different implementation scenarios in Section 4. Finally, after an efficient TTI selection according to simulation results, we conclude in Section 5.
RELATED WORK AND UMTS DATA STREAM
The investigation of multimedia applications over mobile cellular networks has been well addressed in published literature [10, 11] , while different propagation (mobile channel) issues for such applications, tested by experimental procedures, have been presented in [12, 13] .
In mobile communications, turbo codes provide very good coding gains in fading channels. Especially in frequency-flat Rayleigh fading channels, performance can be greatly improved if outer block interleaving is used [7, 14] . This is because turbo encoding without outer block interleaving cannot correct the burst errors induced in a correlated fading channel, since they are more effective with random errors.
In [15] , it is shown that the number of columns is the critical parameter in the design of outer block interleavers for turbo codes over such channels. The higher the mobile speed, the larger number of columns needed. In [16] , simulation results are presented for the four different UMTS TTIs using flat Rayleigh fading and convolutional coding. Only the coding rate is varied for a terminal speed of 50 km/h, a frame length of 504 bits and a bit rate of 64 kbps. For these parameters and different signal-to-noise ratios (SNRs), a TTI of 80 milliseconds is shown to achieve the best FER 2 Advances in Multimedia performance. Similar to the approach described in [16] , but for turbo codes, in this paper, we discuss the effect of outer block interleaving on UMTS turbo codes performance for a constant frame length, log-MAP algorithm for turbo decoder, five different bit rates, and also different operating environments.
In [17] , a reconfigurable block interleaver for block codes over flat Rayleigh fading is presented. A formula is derived to calculate the interleaving depth according to the Doppler frequency. It is also mentioned that the bit error rate (BER) will be higher unless the right number of columns is employed. In this paper, we will show that the same conclusion is also drawn for turbo codes. Finally, in [5] , we discuss different UMTS implementation scenarios for an outer block interleaver, different frame lengths, operating environments, and a constant bit rate. This paper considers the same approach but constant frame length and different bit rates. UMTS data stream is described in [8, 9] . Thus, a UMTS transport channel transfers the information over the radio interface from the medium access control sublayer of layer 2 to the physical layer. The characteristics of a transport channel are determined by its transport format set, which consists of different transport formats. The transport formats must have the same type of channel coding and TTI, while the transport block set or data frame size can vary. The transport block set determines the number of input bits to the channel encoder and can be transmitted every TTI, with possible values for TTI of 10, 20, 40, and 80 milliseconds. Every trans- port channel is also assigned to a radio access bearer with a particular data rate.
SIMULATION ENVIRONMENT
A flat Rayleigh fading channel is described by
where k is an integer symbol index, x k is a binary phase shift keying (BPSK) symbol amplitude (±1), n k is a Gaussian random variable, and y k is a noisy received symbol. The fading amplitude a k is a sample from a correlated Gaussian random process with zero mean and is generated using the sum of sines or Jakes model [18] . In our simulations, a carrier frequency f c = 2 GHZ is considered. It is also assumed that 1 000 000 information bits are transmitted and grouped into frames whose length must be ≥40 and ≤5114, according to UMTS specifications [19, 20] . For a particular transport channel, every TTI, the data with the characteristics specified in a transport format of the transport channel, is turbo-encoded at the transmitter. After turbo encoding and block interleaving, the bits are BPSKmodulated and transmitted through the mobile channel.
At the receiver, outer block deinterleaving and turbo decoding is performed. Floating point arithmetic is also used, while the receiver is assumed to have exact estimates of the fading amplitudes (perfect channel estimation without side information). The iterations of the turbo decoder are assumed to be eight.
EFFICIENT TTI SELECTION
The frame length used in our simulations is chosen to be the maximum length specified for UMTS, 5114 bits. Five typical input bit rates R b are considered according to UMTS specifications: 28.8 kbps, 64 kbps, 144 kbps, 384 kbps, and 2 Mbps [21] . These bit rates represent five different UMTS implementation scenarios, as Table 2 illustrates. Particularly, according to [21] , scenario 1 can be applied to fax service, while scenarios 2, 3, 4, and 5 can be applied to any multimedia packet data service like conventional internet services (webbrowsing, electronic mail, file transfer, video/audio streaming, e-commerce, videoconference), interactive data or combination with location information and mobility (locationbased services, navigation).
Furthermore, four different mobile speeds are considered for each implementation scenario: 4 km/h (corresponds to indoor or low-range outdoor operating environment), 50 and 100 km/h (urban or suburban outdoor operating environment), and 300 km/h (rural outdoor operating environment). In Table 3 , the different values of normalised fade rate f d T S are presented for each scenario and terminal speed. For the first 3 scenarios (data rates 28.8 kbps, 64 kbps, and 144 kbps), all 4 mobile terminal speeds can be applied according to [22] , whereas for scenarios 4 and 5, there are some limitations. Thus, according to [22] , for scenario 4 (data rate 384 kbps), the mobile terminal speed of 300 km/h cannot be considered, and for scenario 5 (data rate 2 Mbps), the mobile terminal speeds of 50, 100, and 300 km/h cannot be considered as well.
A scaling factor s = 0.7 is also applied in log-MAP turbo decoding algorithm in our simulation model because, according to [6] , s = 0.7 and s = 0.8 give the best performance improvement for log MAP in a flat-fading channel. In the following sections, BER performance is evaluated for each scenario and our goal is to find the optimum TTI value.
Scenario 1: bit rate 28.8 kbps
In Figure 1 , the BER performance of the simulated system for mobile speeds 4 and 50 km/h is presented. For 4 km/h and at a BER of 2 × 10 −3 , there is a gain of approximately 6 dB for a TTI transition from 10 to 20 milliseconds. Thus, for 4 km/h, the optimum TTI value is 20 milliseconds: there is no BER improvement for larger TTI values. On the contrary, as Figure 1 shows, BER becomes worse for values larger than the optimum value of 20 milliseconds. Additionally, at a BER of 10 −3 , 0.5 dB performance loss can be observed for 80 milliseconds compared to the optimum TTI value of 20 milliseconds. For 50 km/h and at a BER of 10 −3 , there is a gain of approximately 6 dB for a TTI transition from 10 to 20 milliseconds. The gain decreases to 2 dB and 0.5 dB for a TTI transition from 20 milliseconds to 40 milliseconds and from 40 milliseconds to 80 milliseconds, respectively. Thus, for 50 km/h, the optimum TTI value is 80 milliseconds.
For Figure 2 , the mobile terminal speeds are 100 and 300 km/h. Here, as Figure 2 shows, the optimum TTI value for both terminal speeds is 80 milliseconds. However, at a BER of 10 −3 for 100 km/h, a gain of 4 dB, 2.5 dB and 1 dB is seen for a TTI transition from 10 to 20, 20 to 40, and 40 to 80 milliseconds, respectively. At the same BER for 300 km/h terminal speed, a TTI increase from 10 to 20, 20 to 40, and 40 to 80 milliseconds gives performance gains of 2.5 dB, 1.5 dB, and 0.8 dB, respectively. At a BER of 10 −3 for 4 km/h, we see that a TTI increase from 10 to 20 milliseconds gives 4 dB gain. It is obvious that a TTI = 20 milliseconds is the optimum choice: a further TTI increase gives no BER improvement but a gain loss of 0.6 dB at a BER of 10 −3 and a loss of 2.5 dB at a BER of 3 × 10 −3 . For 50 km/h, 80 milliseconds represents the ideal TTI choice in terms of performance and complexity. Particularly, at a BER of 10 −3 performance gain of 6 dB, 2 dB, and 0.8 dB is observed for TTI increase from 10 to 20 milliseconds, 20 to 40 milliseconds, and 40 to 80 milliseconds. Figure 4 illustrates the BER performance for speeds of 100 km/h and 300 km/h. For 100 km/h at a BER of 10 −3 , a TTI of 20 milliseconds gives around 6 dB gain over 10 milliseconds, a TTI of 40 milliseconds gives 2.5 dB gain over 20 milliseconds, while a TTI of 80 milliseconds gives 0.25 dB gain over 40 milliseconds. For 300 km/h terminal speed at a BER of 10 −3 , for a TTI increase from 10 to 20, 20 to 40, and 40 to 80 milliseconds, the corresponding improvements are 4 dB, 2 dB, and 0.6 dB. However, the optimum choice for both speeds is the maximum TTI value (80 milliseconds).
Scenario 2: bit rate 64 kbps

Scenario 3: bit rate 144 kbps
As can be observed from Figure 5 , for 4 km/h mobile terminal speed, a TTI of 20 milliseconds is the optimum choice. Furthermore, at a BER of 10 −3 , the performance improvement using 20 milliseconds is 5 dB compared to 10 milliseconds. On the other hand, it is obvious that for TTI = 40 milliseconds, there is a loss of 1 dB at a BER of 10 −3 , while for TTI = 80 milliseconds there is a loss of 1.8 dB at the same BER compared to the optimum TTI value. For a terminal speed of 50 km/h, a TTI of 40 milliseconds represents the optimum solution. Consequently, the performance gain for a TTI increase from 10 to 20 milliseconds at a BER of 4 × 10 −3 is 6 dB, while at a BER of 10 −3 for a TTI increase from 20 to 40 milliseconds, the gain is 1.3 dB. Figure 6 illustrates the performance of the simulated system for terminal speeds 100 km/h and 300 km/h. It is clear that for both speeds, the optimum value is 80 milliseconds. Among the three TTI values, a TTI of 20 milliseconds gives the highest improvement: at a BER of 10 −2 , the gain using 20 milliseconds compared to 10 milliseconds is 5 dB, while using 40 milliseconds gives 2.2 dB gain compared to 20 milliseconds at a BER of 10 at a BER of 10 −2 , the gain using TTI = 20 milliseconds compared to 10 milliseconds is 4.3 dB. At a BER of 10 −3 , using 40 milliseconds instead of 20 milliseconds gives a gain of 2.5 dB, while using 80 milliseconds instead of 40 milliseconds gives a gain of 0.4 dB.
Scenario 4: bit rate 384 kbps
Considering a large bit rate of 384 kbps, Figure 7 presents the BER of the simulated system for mobile terminal speeds of 4 and 50 km/h. As can be seen, 20 milliseconds is the optimum interleaver length for both speeds. For the first terminal speed and at a BER of 10 −3 , an increase of the TTI from 10 to 20 milliseconds gives a gain of 3 dB. An increase of the TTI to 40 milliseconds at the same BER results in no performance loss, whereas a further increase (80 milliseconds) can cause 0.5 dB loss. For the second terminal speed and at a BER of 10 −3 , an increase of the TTI from 10 to 20 milliseconds gives a gain of 7 dB. At the same BER for a TTI increase to 80 milliseconds, we observe performance losses of 1.5 dB.
In Figure 8 , the performance of the simulated system for a mobile terminal speed of 100 km/h and bit rate 384 kbps is evaluated. It is clear that 40 milliseconds is the optimum TTI value. Particularly, at a BER of 10 −3 , a performance gain of 9.5 dB and 0.8 dB is seen for a TTI increase from 10 to 20 and 20 to 40 milliseconds, respectively. Moreover, at the same BER, a performance loss of 1.5 dB is observed for further TTI increase (40 to 80 milliseconds). 
Scenario 5: bit rate 2 Mbps
In Figure 9 , the BER of the system for a mobile terminal speed of 4 km/h and a high bit rate of 2 Mbps is evaluated. A value of 20 milliseconds is shown to be the optimum TTI value. Particularly, at a BER of 10 −3 , a performance gain of 3 dB is seen for a TTI increase from 10 to 20 milliseconds. It is remarkable that at the same BER, a performance loss of 0.9 dB is observed for further TTI increase (20 to 40 milliseconds).
CONCLUDING REMARKS
Multimedia services represent the main novel services that 3G mobile communications can offer compared to 2G. Furthermore, high-data rates accommodate the introduction of multimedia services to 3G mobile phones. Thus, according to UMTS specifications, turbo codes represent the recently developed technology, which facilitates the efficient introduction of high-data rates in general and especially multimedia applications.
An efficient TTI choice in Rayleigh fading channels for different operating environments for UMTS 3G systems can reduce complexity and latency. These latency savings are very important, especially in the case of real-time multimedia services with tight delay constraints. Particularly, in Table 4 , which summarises the simulation results presented in the previous section, the optimum TTI values are presented for the different scenarios and operating environments (mobile terminal speeds). Furthermore, our analysis shows that in terms of BER, an efficient TTI choice depends on bit rate and operating environment.
However, as can be seen in Table 4 , for all five implementation scenarios considered, as a compromise between lowest BER and complexity (which means the best BER performance for the lowest TTI) and for a constant frame length of 5114 bits, a TTI = 20 milliseconds (outer block interleaver with 2 columns) is recommended for indoor or low-range outdoor operating environment.
For an urban or suburban outdoor environment and for a terminal speed of 50 km/h, a TTI = 80 milliseconds is optimum for relatively small bit rates like 28.8 kbps and 64 kbps (implementation scenarios 1 and 2), while as bit rate increases, the optimum TTI value decreases. Particularly, for increased bit rates like 144 kbps and 384 kbps (implementation scenarios 3 and 4), 40 milliseconds and 20 milliseconds are the suggested optimum values, respectively. For the same operating environment but a terminal speed of 100 km/h, 80 milliseconds is the right choice for bit rates 28.8 kbps, 64 kbps, and 144 kbps (scenarios 1, 2, and 3). For bit rate 384 kbps (scenario 4), 40 milliseconds should be used, while scenario 5 (2 Mbps) cannot be established. Again, the optimum TTI value decreases as bit rate increases, but after 144 kbps. As a general conclusion for this operating environment, we can say that for low bit rates, the optimum TTI value is the maximum value of 80 milliseconds. For increased bit rates, the optimum TTI value decreases. The decrease is faster for lower mobile terminal speeds. Moreover, in a rural outdoor operating environment, a TTI of 80 milliseconds is proposed for the first 3 scenarios, since scenarios 4 and 5 cannot be implemented.
Furthermore, our simulation results also show that choosing higher TTI than the optimum value causes negative effects on BER. Particularly, in indoor or low-range outdoor operating environment for all bit rates, the choice of a TTI value which is larger than the optimum one can cause up to 1.8 dB BER loss. This value occurs at a medium bit rate of 144 kbps. The same effect is also seen at high-bit rates (384 kbps) in urban or suburban outdoor operating environment with a performance loss of 1.5 dB. However, as in [17] for block codes, the optimum choice of block interleaver length in different fading environments is also essential for turbo codes. Finally, the simulation results show that a TTI increase from 10 to 20 milliseconds gives the highest performance gain compared to the other TTI increases (20 to 40 and 40 to 80 milliseconds) for all bit rates considered. On the other hand, the lowest gain is given by a TTI increase from 40 to 80 milliseconds. This is what we expect, since performance gain decreases as the number of columns of outer block interleaver increases [15, 16] .
